Based on numerically accurate density functional theory (DFT) calculations, we systematically investigate the ground-state structure and the spin and orbital magnetism including the magnetic anisotropy energy (MAE) of 3d-and 4d-transition-metal dimer benzene complexes (TM 2 Bz, TM = Fe, Co, Ni, Ru, Rh, Pd; Bz = C 6 H 6 ). These systems are chosen to model TM-dimer adsorption on graphene or on graphite. We find that Fe 2 , Co 2 , Ni 2 , and Ru 2 prefer the upright adsorption mode above the center of the benzene molecule, while Rh 2 and Pd 2 are adsorbed parallel to the benzene plane. The ground state of Co 2 Bz (with a dimer adsorption energy of about 1 eV) is well separated from other possible structures and spin states. In conjunction with similar results obtained by ab initio quantum chemical calculations, this implies that a stable Co 2 Bz complex with C 6v symmetry is likely to exist. Chemical bonding to the carbon ring does not destroy the magnetic state and the characteristic level scheme of the cobalt dimer. Calculations including spinorbit coupling show that the huge MAE of the free Co dimer is preserved in the Co 2 Bz structure.
mode above the center of the benzene molecule, while Rh 2 and Pd 2 are adsorbed parallel to the benzene plane. The ground state of Co 2 Bz (with a dimer adsorption energy of about 1 eV) is well separated from other possible structures and spin states. In conjunction with similar results obtained by ab initio quantum chemical calculations, this implies that a stable Co 2 Bz complex with C 6v symmetry is likely to exist. Chemical bonding to the carbon ring does not destroy the magnetic state and the characteristic level scheme of the cobalt dimer. Calculations including spinorbit coupling show that the huge MAE of the free Co dimer is preserved in the Co 2 Bz structure.
The MAE predicted for this structure is much larger than the MAE of other magnetic molecules known hitherto, making it an interesting candidate for high-density magnetic recording. Among all the other investigated complexes, only Ru 2 Bz shows a potential for strong-MAE applications, but it is not as stable as Co 2 Bz. The electronic structure of the complexes is analyzed and the magnitude of their MAE is explained by perturbation theory. 
I. INTRODUCTION
Motivated by the ongoing quest for yet higher-density magnetic data storage in the context of the rapid advance of information technology, there is a continued search for nanoscopic magnetic structures with a large magnetic anisotropy energy (MAE) density by different experimental 1-6 and theoretical [7] [8] [9] [10] [11] [12] [13] [14] [15] methods. The MAE is the energy needed to turn the saturated magnetization of a system from one direction, usually the ground-state orientation, to another high-symmetry direction. Talking for simplicity about a nanoscopic system, we mean a canonical statistical ensemble of such systems, i.e. a macroscopically large number of identical non-interacting systems at equilibrium with a thermal bath.
Thus, the MAE describes the stability of the magnetization direction against differently oriented external magnetic fields. In the simplest case of uniaxial anisotropy with an easy axis, the MAE is the energy barrier between two opposite equivalent directions of magnetization with the lowest energy. A well-known example for this situation is bulk hcp Co.
Using the bi-stability of magnetic structures, a bit of information can be stored: for example, one stable direction of magnetization on a hard disc area may encode "0", the other stable direction "1". It is generally accepted that long-term data storage requires that the total MAE of each magnetic particle should exceed 40 kT , 16 where k is the Boltzmann constant and T is the temperature.
Spin-orbit interaction in a magnetic state is the primary source of MAE. 17 The size of the spin-orbit coupling parameter of a given shell is a merely atomic property that depends on the atomic number. Hence, the spin-orbit splitting of atomic, molecular, or band states is fully determined by the character of these states in terms of atomic orbitals. On the other hand, the MAE as an energy difference depends sensitively on the particular electronic structure and, thus, on the geometry of the system. For instance, bulk hcp Co shows a moderate MAE of 0.06 meV per atom. Larger MAE can be obtained in surface-supported structures.
It can be considerably influenced by tuning the coordination and the hybridization through the choice of substrate and size of the deposited clusters. For instance, the deposition of single Co atoms on a Pt(111) surface yields a record MAE of 9 meV per Co atom.
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Further reduction of the dimensions leads into the realm of nano-particles and magnetic molecules. To give an example, Fe 4 organometallic clusters with a propeller-like structure exhibit magnetic anisotropy barriers which can be tuned by altering the ligands and reach up to 1.5 meV per cluster. 2 A large anisotropy barrier of 7 meV per cluster, generated by a deliberate structural distortion of the magnetic core with the help of bulky organic ligands, was recently reported for a complex within the Mn 6 family of single-molecule magnets. also studied. For Fe 2 -coronene, a ground state with a total spin S = 3 was found with three quasi-degenerate isomers, where the Fe dimer is oriented either parallel or perpendicular to the coronene plane. 23 For both Co 2 -pyrene and Co 2 -coronene, the ground state was found to be S = 2 with perpendicular orientation of the Co dimer at a position above a peripheral C-C bridge. 25, 26 Earlier work in this field is due to Senapati et al. 31 who studied neutral and cationic Fe 2 -coronene complexes but discussed only parallel adsorption modes.
Also, Rao and Jena studied the geometries and magnetic moments of neutral and ionic Ni n Bz m complexes. 32, 33 They predicted a parallel adsorption mode between the Ni dimer and benzene, but it is unclear whether a perpendicular geometry was considered or not.
The interaction of benzene with Rh + and with Rh For the physisorbed dimer cation, Rh 2 Bz + , the minimum energy geometry has C 2v symmetry with the two rhodium atoms lying horizontally above the benzene at the C-C bridge sites.
Further research activities were devoted to transition-metal dimers interacting with graphene or with fullerenes. Interaction of silver and gold adatoms and dimers with graphite or graphene was studied, 34 Most probably, the presented predictions can only be verified under ultra-high vacuum conditions. Any interaction of the transition-metal atoms with, e.g., oxygen may deteriorate the specific structure and the related magnetic state we are focusing on.
The paper is organized as follows. In Sec. II, the calculation method and computational details are explained. Sec. III compiles all results and related discussion: structure opti-mization and stability of the ground states, analysis in terms of the bonding mechanism, the spin and orbital moments, and the strength of the MAE. The origin of the huge MAE in some of these molecules is also explained. Finally, the paper is summarized in Sec. IV.
The appendix contains a description of auxiliary calculations.
II. METHOD AND COMPUTATIONAL DETAILS
The DFT calculations were performed with an highly accurate all-electron full-potential local-orbital scheme (FPLO), 43 release 8.00-31. 44 The code is based on a linear combination of overlapping nonorthogonal orbitals with a compact support. The molecular mode of FPLO with free boundary conditions was used. The presented data were obtained using the generalized gradient approximation (GGA) with a parameterized exchange-correlation functional according to Perdew, Burke, and Ernzerhof. 42 All results were checked against additional calculations using the LSDA in the parameterization by Perdew and Wang.
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The dimer adsorption energy calculated by GGA is in all cases about 1 eV smaller than the related LSDA energy, but both approaches find the same ground-state structure type.
Also, the ground-state spin obtained with GGA or LSDA is the same for all systems except Rh 2 Bz, where LSDA yields a non-magnetic ground state and GGA yields an S = 1 ground state. In both cases, however, the energies of the S = 0 and S = 1 states are very close.
The molecular levels were occupied according to a Fermi-Dirac distribution in order to ensure the convergence of the Kohn-Sham equations. The presented results were obtained with a broadening temperature of T = 100 K. The basis set comprised 3d-transition-metal (3s, 3p, 3d, 4s, 4p, 4d, 5s), 4d-transition-metal (4s, 4p, 4d, 5s, 5p, 5d, 6s), carbon (1s, 2s, 2p, 3s, 3p, 3d), and hydrogen (1s, 2s, 2p) states. Lower-lying states of the transition-metal atoms were treated as core states.
Geometry optimization was carried out with a scalar relativistic scheme. To find out the lowest-energy geometry and spin magnetic state of each TM 2 Bz complex, three possible high-symmetry structures ( Fig. 1) were optimized for S = 0, 1, 2, and 3 (total spin moment, µ S = 0, 2, 4, and 6µ B ), and for different initial spin arrangements (ferro-and ferrimagnetic).
The point group symmetry C 6v was applied for the configuration shown in Fig. 1(a) , while for the structures depicted in Figs. 1(b) and 1(c), C 2v was used for the structure optimization.
Previous theoretical investigations of metal-benzene systems have shown that the struc-tural changes of the benzene plane due to the metal-benzene interaction are negligible.
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Thus, in nearly all our calculations the positions of the C and H atoms were fixed with C-C bond length 1.40Å and C-H bond length 1.09Å. Exceptions from this strategy are reported below.
The Co 2 Bz complex is of particular interest.
14 To make sure that the correct ground state was found for this system, we utilized the pseudopotential code ESPRESSO-4.0.1 49 and cross-checked the above calculations by full optimization of all the atomic positions starting from 14 kinds of initial structures. The computational details and a brief description of the results are given in the appendix.
A quantity used to judge the stability of the considered structures is the adsorption energy (E ad ) for a dimer entity attached to a benzene molecule, which is defined as
Here E tot refers to the respective total energy of the species indicated in the parentheses.
Negative values of E ad mean that the TM 2 Bz complex is unstable.
To evaluate the orbital magnetic moment and the MAE, spin-orbit coupling has to be included in the calculation. However, standard (quasi-)local DFT approximations like LSDA or GGA do not include orbital-dependent exchange effects. The MAE and the orbital magnetic moment were calculated by means of self-consistent fully relativistic calculations using the bond lengths obtained in the scalar relativistic calculations. The MAE was defined as
where E Since all of these basis sets are rather large, all energies have been corrected for the basis set superposition error (BSSE) with respect to the dissociation of the Co dimer from the benzene ring, employing the counterpoise scheme proposed by Boys and Bernardi 57,58 as implemented in Gaussian03.
III. RESULTS AND DISCUSSION
A. Structure and spin state
Dimer adsorption energies for each considered total spin and symmetry are shown in Table I .
3d transition-metal complexes
We find that the adsorption mode with the dimer axis perpendicular to the benzene plane results in the most stable structure for all investigated 3d systems, Fe 2 Bz, Co 2 Bz, and Ni 2 Bz. This ground-state geometry is consistent with other GGA results obtained for dimers on graphene. 40, 41 The only discrepancy occurs for the ground-state spin magnetic moment of Fe 2 Bz. Here, we found a reduction of the free dimer spin (S = 3) to S = 2, In the following discussion, we will disregard Fe 2 Bz structures different from C 6v due to the mentioned experimental evidence of this structure type.
For Co 2 Bz and Ni 2 Bz, we obtained both the magnetic moment and the ground-state structure in agreement with the results by Johll et al. 40 and by Cao et al. 41 The GGA dimer adsorption energy, E ad = 1.39 eV for Co 2 on Bz from our calculation, and the related energies 0.92 eV from Johll et al. and 1.13 eV from Cao et al. for Co 2 on graphene indicate a reasonable stability of this structure. Noteworthy, any other spin state considered in our calculations, including a ferrimagnetic solution with a total spin S = 1, has a much higher energy, at least 0.80 eV above the ground state. The ground state of Ni 2 Bz is also sufficiently separated from other states with a different spin and/or geometry, see Fig. 2 .
We also checked a further geometry with Ni atoms close to next nearest C-bridges (see Fig.   A1 (iv)). Such a geometry was found by Rao and Jena 33 to be lowest in energy. We could not confirm this finding and obtained, even with full relaxation, a 0.45 eV higher energy for this geometry (S = 1) than for the ⊥ c geometry with S = 1. In all cases a total spin of 2 was found to be most favorable. Importantly, the adsorption energy of the Co dimer to benzene was found to be yet higher than in the GGA calculation.
It is obvious from Fig. 3 that the quantum chemical calculations confirm the main GGA result, that bonding of a Co dimer with a single molecule of benzene results in the structure depicted at the bottom of Fig. 3 with a total spin S = 2. Also, the sequence of the higherenergy structures is the same in GGA and in MP2, and the same spin magnetic moments are found with the exception of the dissociated state, where MP2 predicts S = 3 and GGA yields S = 2. When improving the benzene basis from a double-to a triple-zeta level, the BSSE-corrected adsorption energies rise consistently by about half an eV, reaching 2.36 eV for the most stable structure. This result should serve as a valid proof that the Co dimer can be bound to the benzene ring.
As a final check that the calculations described above provided the correct ground-state geometry, we performed a cross-check for Co 2 Bz with the pseudopotential code ESPRESSO-4.01. 49 We carried out a full optimization of all atomic positions starting from 14 kinds of initial structures. As before, GGA and a scalar relativistic mode were used. Other technical details are described in the appendix. The results confirm that the bonding of Co 2 with a single molecule of benzene very likely results in the perpendicular configuration, which is separated from other possible arrangements by at least several hundred meV. Only a tiny distortion of the benzene plane is found in the full optimization results. This is a weak JahnTeller effect that splits the singly occupied two-fold degenerate HOMO state originating from Co 2 . This splitting is very small (<1 meV), since the original C ∞ symmetry of the Co dimer where the HOMO resides is only weakly distorted by the hexagonal ligand. Thus, it will hardly have any influence on the magnetic properties of Co 2 Bz. In particular, if spin-orbit coupling is taken into account, the HOMO will be split by this interaction rather than by the Jahn-Teller effect, which is almost 2 orders of magnitude weaker than the spin-orbit coupling in the considered case. Only if the magnetization is oriented perpendicular to the dimer axis, the spin-orbit splitting vanishes in lowest order. In this case, the Jahn-Teller effect might marginally reduce the total energy and, thus, the MAE.
We conclude that Co 2 Bz and Ni 2 Bz probably exhibit a C 6v symmetry, like Fe 2 Bz. As distinct from the Fe system, Co 2 Bz and Ni 2 Bz have a stable magnetic ground state. Experimental evidence of these proposed structures seems however lacking at the moment. For the anion Co 2 Bz − , the observed photoelectron spectra 24 allowed to exclude a structure where the two Co atoms are placed on both sides of the benzene plane.
4d transition-metal complexes
We find (Fig. 2) We performed a series of additional tests in order to clarify this discrepancy between experiment and theory. First, we checked the influence of spin-orbit interaction and found, that related total energy shifts do not exceed 0.1 eV. The parallel adsorption mode hence is still more stable than the perpendicular one. Second, we checked a possible asymmetric adsorption above a single bridge site. Indeed, the related total energy is about 0.5 eV lower than for the adsorption above the hollow site, if every symmetry constraint is released. The dimer axis then deviates from the initial perpendicular orientation and forms an angle of about 40 degrees with the benzene plane, while S = 0. Yet, the energy of this structure is still higher than that of the parallel configuration. Third, we calculated vibration frequencies of the Pd-Pd bond using the harmonic approximation for the three adsorption modes defined in Fig. 1 . If S = 1, the three structures give rise to almost the same vibration energies of 21.9 meV (⊥ c ), 22.3 meV ( b ) and 22.5 meV ( t ). For the asymmetric bridge site configuration, a value of 20.6 meV is obtained. All of these energies are close to the vibration energy of the free dimer, 26 meV. 61 This comparison shows that proximity of the vibration spectrum to that of the free dimer is no proof of the perpendicular geometry. For the ground state, S = 0, the parallel structures turn out to be much softer, 12.8 meV ( b ) and 13.3 meV ( t ), than the free dimer and also than the perpendicular geometry, 19.7 meV. On the whole, the calculated vibration spectra do not provide enough evidence in favor of any investigated structure. Finally, we optimized the structures of Pd 2 Bz − anions. The structure b with S = 1/2 is again more stable than the structure ⊥ c , by 0.45 eV. The structure with asymmetric bonding above a single bridge site is 0.13 eV lower in energy than the structure ⊥ c , but it is still 0.32 eV higher than the structure b . Summarizing this point, the discrepancy between experimental and theoretical results on Pd 2 Bz persists.
B. Electronic structure and bonding mechanism
Free TM dimers have been discussed in detail recently. 8, 11, 19, 62 Analysis of their electronic structure reveals that a singly occupied HOMO which is two-fold degenerate in the absence of spin-orbit coupling is responsible for the giant magnetic anisotropy predicted in some of these dimers. 8 For example, the most important feature in Co 2 is a two-fold degenerate singly occupied 3d-δ * u state. It is split by spin-orbit interaction, if the magnetic moment is oriented along the dimer axis but stays degenerate if the moment is oriented perpendicular to the axis. 8 Concerning the bonding between metal atoms and a benzene molecule, Mokrousov et al. Co 2 : (i) the ground-state spin stays S = 2, as in the free dimer; (ii) the Co 3d-δ * u level is still two-fold degenerate in Co 2 Bz due to the C 6v symmetry; (iii) this level is still the singly occupied HOMO. In this way, the key feature responsible for the giant MAE of the free Co dimer is preserved in the Co 2 Bz structure if the benzene molecule binds perpendicularly to Co 2 in C 6v symmetry. Yet, there is an important difference between free Co 2 and Co 2 Bz. In the free dimer, the two Co atoms contribute equal weights to the minority spin 3d-δ * u state. At variance, the HOMO of Co 2 Bz receives 94% of its weight from that Co atom which is farther away from the benzene plane, see Fig. 5 .
One can note that the magnetic moment of free Co 2 is also preserved in the parallel arrangements b and t (Fig. 2) . However, the reduction of the symmetry to C 2v causes a split of all δ and π states (not shown here), resulting in non-degenerate HOMO and LUMO in these structures. The minority spin π * state near to the Fermi level is split by 0.57 eV in the b structure and by 0.60 eV in the t structure, while the δ * state in the minority spin channel is split yet more strongly, by 0.68 eV in b and by 0.85 eV in t .
We find that, unlike in the case of Co 2 , the adsorption of Fe 2 on benzene results in a change of both magnetic moment and electron configuration, as compared with the free Fe dimer. The ground-state level scheme of Fe 2 is very similar to that of Co 2 , see 
C. Spin and orbital moments
Site-resolved spin moments µ S and orbital moments µ L for the stable magnetic structures with perpendicular geometry (TM = Fe, Co, Ni, Ru) are listed in Table II. The calculations were carried out within the fully relativistic scheme. The moments are aligned perpendicularly (⊥) or parallelly ( ) to the benzene plane, respectively. We checked that the in-plane anisotropy of the magnetic moments is marginally small and can be safely neglected. The effect of the OP correction is also given for comparison. It is clear that the magnetic moment is mainly distributed between the two transition-metal atoms. The magnetic moment on the C sites is so small that it can be neglected (|µ S(C) | < 0.05µ B ).
Inspection of the µ S data reveals that in all four systems the TM2 atom shows a much Another feature is that the spin moments are nearly the same for both magnetization directions. When the moment orientation switches from ⊥ to , the primary effect is a change of the orbital moment of the TM atoms. This fact indicates that the magnetic anisotropy of these systems is closely connected to the anisotropy of the orbital moments.
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It is worth noting that in both the Co 2 Bz and the Ru 2 Bz systems the TM2 atoms show very large orbital moments in the ⊥ orientation and relatively small values in the orientation.
This is a sign of a large magnetic anisotropy of these systems.
As expected, the calculated moments in Table II show that the OP correction generally increases the orbital moment while scarcely affecting the spin moment. For example, when the OP correction is allowed for, the orbital moments of Co atoms with magnetic moments parallel to the Bz plane are about three times larger than those calculated without the OP correction. This is caused by the very construction of the OP correction scheme, where additional (exchange) energy is gained if the orbital moment is enhanced. 50, 51 In case of perpendicular orientation of the moments with respect to the Bz plane, the orbital moments are less influenced by the OP correction, since spin-orbit coupling alone already provides almost the maximum orbital moment allowed by the given electronic level sequence.
The total orbital moments evaluated for the case when the magnetic moment is parallel to the dimer axis (i.e., perpendicular to the benzene plane) directly reflect the nature of the HOMO. In the case of Fe 2 Bz, Fig. 4 , the HOMO is a π * state in the majority spin channel.
Spin-orbit coupling splits this state in such a way that the energy of the m = −1 sublevel is reduced (m denotes the magnetic quantum number). This sub-level is consequently occupied, while the m = +1 sub-level is empty, and the total orbital moment is close to −1 µ B . In the case of Co 2 Bz, Fig. 4 , the HOMO is a δ * state in the minority spin channel.
Spin-orbit coupling splits this state so that the energy of the m = +2 sub-level is reduced.
Accordingly, µ L ≈ 2 µ B . In Ni 2 Bz, the HOMO is a δ * state with both sub-levels occupied.
Therefore, the orbital moment nearly vanishes. Finally, in Ru 2 Bz the HOMO is a δ state in the minority spin channel with µ L ≈ 2 µ B .
D. MAE
After analyzing the spin and the orbital moments in the stable ⊥ c TM 2 Bz structures, we proceed to another important property of magnetic systems, the MAE. This quantity is in the main focus of the present investigation. In the perpendicular adsorption mode of TM 2 on the benzene molecule, it is natural to consider the MAE as the energy difference between the states with magnetization direction parallel and perpendicular to the benzene plane, Eq.
(2).
The first two lines in Table III (Table II) , it is only half as large in the free Co dimer, where by symmetry µ L(TM1) = µ L(TM2) ≈ 1 µ B in the ground state. The OP correction energy is only half as large in the latter case compared to the former one, since it is quadratic in the atom-projected µ L . At variance, the spin-orbit coupling energy is linear in µ L .
The case of Ru 2 Bz is different. We find in the ground state of the free Ru dimer (with S = 2) a two-fold degenerate, completely occupied majority-spin 3d − π * HOMO and, thus, a small MAE. The spin moment is reduced by the adsorption of Ru 2 on benzene. This causes a change of the electron configuration, resulting in a two-fold degenerate and singly occupied δ * HOMO with a related huge MAE.
The iron system shows a somewhat smaller MAE, mainly due to the smaller value of |m| of the HOMO. Finally, the Ni system has a fully occupied HOMO that does not contribute to the MAE in lowest order. Nonetheless, the obtained MAE reaches or exceeds the highest known experimental values.
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We finally would like to understand the obtained numbers in terms of simple arguments based on perturbation theory, 8 extended here to include the OP correction. Our consideration is limited to systems with singly occupied, two-fold degenerate HOMO (here, Fe 2 Bz, Co 2 Bz, and Ru 2 Bz). The MAE is approximated by the single-particle energy change of the occupied HOMO level upon changing the direction of magnetization. If the OP correction is included, we call the magnetic anisotropy energy MAE (SO+OP) , otherwise it is called MAE (SO) . Thus, 
Here, B denotes the TM-specific Racah parameters, 65 evaluated from the related atomic orbitals, and ∆|µ
, according to Tab. II. Table III shows the major contributions to the composition of the HOMO, (C According to the above analysis, Co 2 Bz and Ru 2 Bz are interesting candidates for strong-MAE applications. It should be noted that in both cases the easy axis of magnetization is directed perpendicularly to the benzene ring. This fact is advantageous for conventional recording techniques.
IV. SUMMARY
We report a systematic DFT study of the ground-state structures, bonding mechanism, spin and orbital moments, and in particular of the MAE of TM 2 Bz complexes (TM=Fe, Co, Ni, Ru, Rh, Pd), using the full-potential local-orbital method FPLO. Upright adsorption modes with C 6v symmetry of Fe 2 , Co 2 , Ni 2 , and Ru 2 on benzene molecules are confirmed (Fe 2 Bz) or predicted (others). Huge MAE, stable geometry, and stable magnetic ground states are predicted for Co 2 Bz and for Ru 2 Bz. The main origin of the large anisotropy of these two systems is the large orbital moment of the TM atom which is farther away from the benzene plane. Analysis of the electronic states shows that bonding of the Co dimer on the benzene molecule does not lead to any deterioration of the magnetic properties of the dimer. Most important is that the two-fold degenerate singly occupied HOMO state of the free dimer is preserved, which allows the spin-orbit coupling to produce a large magnetic
anisotropy. An important conclusion can be drawn from these results: robust and easy-toprepare carbon-based substrates are well-suited to adsorb transition-metal dimers for the purpose of high-density magnetic recording. We hope that our predicted exceptionally large MAE of Co 2 Bz and Ru 2 Bz will motivate experimental investigations of transition-metal dimers on carbon-based substrates, like graphite or graphene.
get the convergence in energy levels. The optimizations were done without any constraints on symmetry or spin moment. Fig. A1 shows the 14 initial structures used to start the geometry optimization.
The optimization results in six types of final structures. Structures (i), (xi), (xii), and (xiii) converge to the perpendicular adsorption mode; structure (x) stays almost unchanged and leads to the parallel adsorption mode on the bridge site of the carbon ring; structures (v) and (ix) converge to the parallel adsorption mode on the top site of the carbon ring; structures (iii), (vi), and (viii) finally go over to a structure type similar to (iii); structures (ii) and (iv) become the structure type (iv); and the final structure of (xiv) is still the adsorption mode on both sides. The optimization for structure (vii) does not converge.
Among these structures, the perpendicular adsorption mode shows the lowest total energy, which is 0.74 eV lower than the b adsorption mode. The spin of this structure is S = 2, confirming the FPLO result. There, the b adsorption mode was found 0.98 eV higher than the perpendicular adsorption mode. (ii) (i) (iii) (iv) (v)
(xiv) (xiii) (xii) (xi) 
